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An Alternative Approach for Evaluating the Efficacy of 
Potential Biocontrol Agents of Weeds. 2. Path Analysis1 
DAN J. PANTONE, WILLIAM A. WILLIAMS, and ARMAND R. MAGGENT12 
Abstract. Path analysis was used to assess the efficacy of 
the fiddleneck flower gall nematode as a weed biocontrol 
agent of coast fiddleneck in competition with wheat 
during 2 yr of field experiments. The path analysis 
revealed that the number of inflorescences/plant for 
fiddleneck and the number of heads/plant for wheat were 
the most important yield components that determine 
fecundity and seed yield. The density of fiddleneck had a 
much greater impact on the yield components of 
fiddleneck than did the density of wheat or the nematode 
rate of inoculation. The nematode had its greatest 
negative impact on the number of seeds/flower of 
fiddleneck and its greatest positive impact on the number 
of heads/plant of wheat. Path analysis predicts that a 
biocontrol agent that has a large negative direct effect on 
the number of inflorescences/plant for fiddleneck would 
be more efficacious in decreasing fecundity and seed yield 
than an agent that only impacts the number of flowers/ 
inflorescence, seeds/flower, or biomass/seed. Nomencla- 
ture: Coast fiddleneck, Amsinckia intermedia Fischer and 
Meyer #3 AMSIN; wheat, Triticum aestivum L. 'Anza'; 
fiddleneck flower gall nematode, Anguina amsinckiae 
(Steiner and Scott, 1935) Thorne, 1961. 
Additional index words. Yield components, biological 
control, competition, interference, nematodes, Amsinckia 
intermedia, Triticum aestivum, Anguina amsinckiae, AMSIN. 
INTRODUCTION 
Although the inverse linear model used in the first paper 
of this series (13) can be an exceptionally informative method 
for investigating the impact of herbivores on plant competi- 
tion, it does not take into account many important variables 
that help describe the population biology of plants. Further- 
more, parameters such as the number of seeds/plant 
(fecundity), total seed biomass/plant (seed yield), biomass/ 
seed (seed weight), number of seeds/flower, number of 
flowers/inflorescence, and number of inflorescences/plant 
were not used with this model originally (17). Incorporating 
data from additive designs into a path analysis could increase 
our basic understanding of how stress caused by herbivores 
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and plant competition influences plants at the population 
level. 
The method of path analysis was developed by a 
population geneticist (20, 21). Path analysis has been used 
extensively by animal breeders and geneticists, but rarely to 
investigate competition or the impact of herbivores or 
pathogens on plants (6, 19). Path analysis has been used to 
analyze local variations in plant size in a neighborhood model 
of plant performance (12). Neighborhood competition models 
employ regression or correlation analysis to estimate fecun- 
dity or size of a focal plant by using variables such as the 
number, biomass, dispersion, or growth form of its neighbor- 
ing plants. Local site quality and the effects of competition 
may be confounded in neighborhood competition models, and 
path analysis may permit an estimation of site quality (12). 
Recently, path analysis was used to assess the impact of 
seedling establishment, growth form, and growth rate on the 
shoot biomass production of poorjoe (Diodia teres Walt.) (9). 
Moreover, an agricultural weed population of poorjoe was 
compared to a coastal nonweed population, and the weed 
population had a larger early growth rate and greater 
establishment rate compared to the nonweed coastal popula- 
tion. 
In this report we show how path analysis can be used in 
plant population ecology to: a) reveal which yield compo- 
nents are most important in determining fecundity and seed 
yield; b) elucidate indirect effects and opposing effects 
among yield components that might otherwise hide their 
importance; and c) indicate the impact of herbivores and 
competition on yield components. 
MATERIALS AND METHODS 
The impact of the fiddleneck flower gall nematode on its 
host (coast fiddleneck) was evaluated during 2 yr of field 
experiments. Details of the additive experimental design have 
been described previously (13). Results of the additive design 
(inverse linear model) were used for a path analysis. Five 
nematode inoculation rates were included for the path 
analysis (0, 103, 104, 105, and 106 nematodes per plot). Nine 
variables were recorded: number of seeds/plant (fecundity), 
total seed biomass (g)/plant (seed yield), biomass (g)/100 
seeds (seed weight), number of seeds/flower (or seeds/ 
spikelet for wheat), number of flowers/inflorescence (or 
spikelets/head for wheat), number of inflorescences/plant (or 
heads/plants for wheat), fiddleneck density, wheat density, 
and nematode inoculation rate. A path analysis was con- 
structed and the impact of the nematode and competition on 
the population ecology of the plants illustrated (Figures 1 and 
2). Standardized partial regression coefficients and simple 
correlation coefficients were calculated (5, 15). Residual 
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Figure 1. Path diagram for the relationships between plant densities and nematode rate of inoculation and the yield components of fiddleneck. Single-arrowed lines 
represent direct influences measured by path coefficients, and the double-arrowed lines indicate correlation coefficients. Seed yield refers to total seed biomass (g)/ 
plant, and Inflor. denotes inflorescences. 1986-87 season on top, 1987-88 season on bottom. Coefficients with asterisks are significantly different from zero: *, 
P<0.05 or **, Pd).01. 
factors included all unlisted variables that influence fecundity 
or seed yield, including sampling errors. Uncofrelated 
residual factors (U) were estimated by the relationship U = 
~ 1 - R2, where R is the multiple correlation coefficient (1, 
10). 
Path analysis permits the partitioning of the correlation 
coefficients between the dependent variable and the inde- 
pendent variables into direct and indirect effects (4, 10, 11, 
20, 21). A direct effect is called a path coefficient and is a 
standardized partial regression coefficient. Basically, this 
method is an application of the normal equations used in 
linear regression analysis of data that are standardized in a 
closed system (10). In order to specify the nature and 
direction of the proposed correlational structure, a path 
diagram is used (Figure 3). The variables can be grouped in a 
relational diagram containing hypothesized pathways of the 
influence of plant competition and herbivores on plant 
reproduction. A direct effect is depicted by a unidirectional 
arrow, while an indirect effect is represented by a two-headed 
arrow plus a unidirectional arrow. Path coefficients can be 
obtained by the simultaneous solution of the normal 
equations for multiple regression in standard measure. For a 
model with three independent variables and one dependent 
variable, 
rI4 = P14 + rI2P24 + rI3P34 
r24 = P24 + rI2PI4 + r23P34 
r34 = P34 + r13PI4 + r23P24 
where rij represent he correlation coefficients between the 
dependent variable (variable 4) and each independent 
variable, Pij are the path coefficients (direct effects), and rijPij 
are the indirect effects (Figure 3). Different path diagrams can 
be proposed for the same system allowing altemative causal 
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hypotheses to be tested. Mathematically speaking, the 
arrangement fixed by the researcher is completely arbitrary. 
However, to be meaningful the results of path analysis must 
be consistent in structure and congruous with the observa- 
tions. 
The path analysis used is very conservative in that the 
dependent variables (fecundity and seed yield) are the 
products of the independent variables (yield components). For 
example, seed number/plant is the product of the number of 
inflorescences/plant, the number of flowers/Inflorescence, and 
the number of seeds/flower (inflorescences and flowers cancel 
out) (Figure 1). 
Note that there are no two-headed arrows (simple 
correlations) between fiddleneck density, wheat density, and 
the nematode rate of inoculation (Figures 1 and 2). The 
values of these three variables were chosen by the researchers 
and are uncorrelated. The standardized partial regression 
coefficients are equal to the correlation coefficients in this 
special case (16). 
RESULTS AND DISCUSSION 
The path analysis indicated that the direct influence of the 
four yield components (inflorescences or heads/plant, flowers/ 
inflorescence or spikelets/head, seeds/flower or seeds/spike- 
let, and biomass/seed) on fecundity and seed yield was 
positive (Figures 1 and 2). The number of inflorescences or 
heads/plant was by far the most important variable that 
determines fecundity and seed yield. Moreover, all significant 
simple correlations between the four yield components were 
positive. Therefore, this was not a situation where resources 
are sacrificed from one yield component in order to increase 
another component. For examnple, a negative correlation 
between seeds/flower and biomass/seed was hypothesized. 
Fiddleneck is in the Boraginaceae and normally produces a 
maximum of four seeds/flower. If the number of seeds/flower 
of the weeds was sacrificed to increase the seed weight, there 
would have been a negative correlation instead of a positive 
one. Contary to our hypothesis, plants with more seeds/ 
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Figure 2. Path diagram for the relationships between plant densities and nematode rate of inoculation and the yield components of wheat. Single-arrowed lines 
represent direct influences measured by path coefficients, and the double-arrowed lines indicate correlation coefficients. Seed yield refers to total seed biomass (g)/ 
plant. 1986-87 season on top, 1987-88 season on bottom. Coefficients with asterisks are significantly different from zero: *, P<0.05 or **, P<O.01. 
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flower tend to have larger seeds as well. The coefficients of 
determination (R2 values) were high, ranging from 0.94 to 
0.99, for the multiple regressions in which the yield 
components were the independent variables and fecundity and 
seed yield were the dependent variables. Consequently, the 
residual factors (U) were relatively small (0.24 to 0.10). 
The influence of increasing fiddleneck or wheat density is 
generally negative on the yield components. The only 
deviation from this pattern was a significant positive path 
coefficient (0.43) from fiddleneck density to flowers/ 
inflorescence in the 1987-88 season (Figure 1). In the 
previous season, the direct effect of increasing fiddleneck 
density on the number of flowersfinflorescence was negative 
(-0.66). Fiddleneck density was more important than wheat 
density in its impact on fiddleneck or wheat yield compo- 
nents, and the greatest impact of fiddleneck was on 
inflorescences and heads/plant. 
It was possible to calculate the value of a path coefficient 
in terms of its constituent paths (16). For example, to 
estimate the direct effect of fiddleneck density on seeds/plant 
(via inflorescences/plant) during the 1986-87 season, the 
direct effect of inflorescences/plant on seeds/plant (0.95) was 
multiplied by the direct effect of fiddleneck density on 
inflorescences/plant (-0.66) to obtain -0.63. Therefore, the 
compound path was the product of the component paths. 
Overall, the nematode had its greatest direct effect on 
seeds/flower for fiddleneck and heads/plant for wheat during 
the 1987-88 season. The impact of the nematode was 
significantly negative for fiddleneck and positive for wheat 
(Figures 1 and 2). Furthernore, the nematode also had a 
significant negative impact on inflorescences/plant and 
flowers/inflorescence (1986-87 season only) of fiddleneck, 
but had no significant effect on biomass/seed. There was a 
significant positive impact by nematodes on seeds/spikelet for 
wheat during the 1986-87 season and on the number of 
heads/plant in 1987-1988. The results of the path analysis 
predict that the herbivore or pathogen that had the greatest 
negative impact on fiddleneck inflorescences/plant would be 
the best biocontrol agent. A biocontrol agent that had a 
VARIABLE 1 
VARIABLE 4 VARIABLE 2 j 3 
r23 
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Figure 3. Path diagram for a model with three independent variables and one 
dependent variable. Pij represents path coefficients and rij represents simple 
correlation coefficients. There are three different paths from an independent 
variable to the dependent variable. For Variable 1, the three paths are: P14 
(dirct effect), r12P24 (indirt effect via Variable 2), and r13P34 (indirect effect 
via Vaiable 3). The sum of the direct and indirect effects equals r14, the simple 
correlation coefficient 
negative direct effect on only the number of flowers/ 
inflorescence, seeds/flower, or biomass/seed and not on 
inflorescences/plant would probably be less efficacious as a 
biocontrol agent of fiddleneck, assuming the relationships 
between the yield components and yield variables remained 
constant. 
It might be possible to breed or genetically engineer 
biocontrol agents (2, 18) to have a greater negative impact on 
fiddleneck inflorescences/plant using this technique. Herbiv- 
ores and pathogens that are most efficacious as weed 
biocontrol agents may not always be favored by natural 
selection. Hokkanen and Pimentel (7, 8) have suggested that 
an evolved equilibrium may have selected for herbivores 
which are less injurious to their hosts. They speculate that the 
result of a long-term evolutionary relationship between a 
herbivore and a plant is an interspecific homeostasis in which 
both species can coexist without injuring each other severely. 
However, they fail to mention that in many systems this 
premise is dependent on group selection rather than 
individual selection. Whichever the case, path analysis may 
provide a useful method to artificially select for effective 
biological weed control agents. 
The striking similarity of the path analysis diagrams for 
fiddleneck and wheat may be explained in part due to 
similarities in their morphology; both species produce 
determinant inflorescences. Therefore, the number of flowers/ 
inflorescence (or spikelets/head) did not change greatly. The 
number of seeds/flower (or seeds/spikelet) and biomass/seed 
did not vary to any great extent in either species. 
Consequently, the number of inflorescences (or heads) was 
the only component of yield that varied enough to have a 
large direct influence on fecundity or seed yield. The results 
of the path analysis may have been different if the plants 
studied had indeterminate instead of determinate inflores- 
cences. Additionally, the other yield components might be 
more plastic in the presence of other agents. In a study by 
Clements et al. (3), wheat was sown at densities of 40, 80, 
160, 320, and 640 seeds/m2 and several plant variables were 
measured at plant maturity. Plant height, stem diameter, and 
the number of spikelets/head were relatively stable. In 
contrast, tillering was very plastic and the number of heads/ 
plant decreased at higher densities which is similar to what 
we observed. Puckeridge and Donald (14) planted wheat at 
various densities and observed a 43-fold variation in head 
number, but only a 1.7-fold variation in seeds/head and 
negligible variation in seed weight. The number of heads/ 
plant ranged from 1 to 23 (23-fold), seeds/head from 4 to 46 
(1 1.5-fold), and seed weight per 100 seeds fonn 3.0 to 4.2 g 
(1.4-fold) in our studies. 
It is unwise to assume that simple correlation coefficients 
represent causal relationships; path analysis can reveal to 
what extent simple correlations are due to direct effects. For 
example, the number of flowers/inflorescence had significant 
positive correlations (0.48 and 0.49) with seeds/plant and 
seed yield, respectively, during the 1986-87 season (Table 1). 
However, the path coefficients (direct effects) were 0.04 and 
0.03, respectively, and were not significant. The number of 
flowers/inflorescence was significandy cofrelated with fecun- 
dity and yield because of the indirect effects via inflores- 
cences/plant (Table 1). Similarly, in the 1986-87 season, 
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spikelets/head and seeds/spikelets had relatively small direct 
effects on seeds/plant and seed yield and their significant 
correlations were due to indirect effects via heads/plant 
(Table 2). 
The primary purpose of this study was to demonstrate how 
path analysis and the inverse linear model (13) might be used 
to assess potential biocontrol agents, but not to determine if 
the nematode is the best potential biocontrol agent for 
fiddleneck. To do the latter, the ranking of the nematode 
against other potential agents would be necessary, a task 
beyond our current resources. It was our goal to show that the 
agencies responsible for screening and introducing biological 
weed control agents could adopt the suggested approach. The 
benefits of such an approach would be multiple. The direct 
applied benefits would involve the biocontrol of weeds, in 
which data bases could be developed that predict which 
organisms have the greatest potential by assessing their 
impact on the population biology of plants. Moreover, the 
data generated by the applied studies would be a boon for 
ecologists. Many ecologists assert that plant competition and 
Table 1. Path coefficient analysis of fiddleneck. Pathways of association Table 2. Path coefficient analysis of wheat. Pathways of association between 
between the yield variables and yield components. the yield variables and yield components. 
Pathways of association Year I Year 2 Pathways of association Year 1 Year 2 
Seeds/plant vs. inflorescences/plant: Seeds/plant vs. heads/plant: 
Direct effect 0.95** 0.98** Direct effect 0.96** 0.87** 
Indirect effect via flowers/inflorescence 0.02 -0.06 Indirect effect via spikelets/head 0.00 0.01 
Indirect effect via seeds/flower 0.02 0.03 Indirect effect via seeds/spikelet 0.03 0.08 
Total correlation 0.99** 0.95** Total correlation 0.99** 0.96** 
Seed/plant vs. flowers/inflorescence: Seed/plant vs. spikelets/bead: 
Direct effect 0.04 0.19** Direct effect 0.01 0.03 
Indirect effect via inflorescences/plant 0.43 4.31 Indirect effect via heads/plant 0.37 0.19 
Indirect effect via seeds/flower 0.01 0.00 Indirect effect via seeds/spikelet 0.03 -0.03 
Total correlation 0.48** -0.12 Total correlation 0.41 0.19 
Seed/plant vs. seeds/flower: Seed/plant vs. seeds/spikelet: 
Direct effect 0.09** 0.16** Direct effect 0.05 0.19** 
Indirect effect via inflorescences/plant 0.26 0.18 Indirect effect via heads/plant 0-.61 0.38 
Indirect effect via flowersimflorescence 0.01 0.00 Indirect effect via spikelets/head 0.01 0.00 
Total correlation 0.36* 0.34* Total correlation 0.67** 0.57** 
Seed yield vs. inflorescences/plant: Seed yield vs. heads/plant: 
Direct effect 0.92** 0.96** Direct effect 0.97** 0.85** 
Indirect effect via flowers/infloresconce 0.02 -0.05 Indirect effect via spikeletshed 0.00 0.01 
Indirect effect via seeds/flower 0.02 0.04 Indirect effect via seeds/spikelet 0.01 0.08 
Indirect effect via biomass/seed 0.03 -0.03 Indirect effect via biomass/seed 0.01 0.01 
Total correlation 0.99** 0.92** Total correlation 0.99** 0.95** 
Seeds yield vs. flowershnfiorescence: Seeds yield vs. spikelets/head: 
Direct effect 0.03 0.18** Direct effect 0.01 0.04 
Indirect effect via inflorescences/plant 0.42 -0.29 Indirect effect via heads/plant 0.38 0.19 
Indirect effect via seeds/flower 0.00 0.00 Indirect effect via seeds/spikelet 0.01 -0.03 
Indirect effect via biomass/seed 0.04 0.07 Indirect effect via biomass/seed 0.00 -0.03 
Total correlation 0.49** -0.04 Total correlation 0.40* 0.17 
Seed yield vs. seeds/flower: Seed yield vs. seeds/spikelet: 
Direct effect 0.06 0.19** Direct effect 0.02 0.19** 
Indirect effect via inflorescences/plant 0.26 -0.19 Indirect effect via heads/plant 0.62 0.38 
Indirect effect via flowers/inflorescence 0.00 0.00 Indirect effect via spikeletsead 0.00 -0.01 
Indirect effect via biomass/seed 0.04 0.00 Indirect effect via biomass/seed 0.01 0.03 
Total correlation 0.36* 0.38* Total correlation 0.65** 0.59** 
Seed yield vs. biomass/seed: Seed yield vs. biomass/seed: 
Direct effect 0.08* 0.11* Direct effect 0.06 0.08 
Indirect effect via inflorscence/plant 0.37 -0.26 Indirect effect via heads/plant 0.26 0.06 
Indirect effect via flowers/inflorescence 0.01 0.12 Indirect effect via spikelets/head 0.00 -0.01 
Indirect effect via seeds/flowers 0.03 0.00 Indirect effect via seeds/spikelet 0.00 0.07 
Total correlation 0.49** -0.03 Total correlation 0.32 0.20 
*P<.0. *P<0.05. 
**P<0.01. **P<0.01. 
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herbivory are the most important processes that structure 
plant communities, and the proposed approach would allow 
them to test basic ecological theories on a large scale. 
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